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in the 3 November 2002 M 7.9 Earthquake, Alaska
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Abstract The 3 November 2002 Denali fault, Alaska, earthquake resulted in
341 km of surface rupture on the Susitna Glacier, Denali, and Totschunda faults. The
rupture proceeded from west to east and began with a 48-km-long break on the
previously unknown Susitna Glacier thrust fault. Slip on this thrust averaged about
4 m (Crone et al., 2004). Next came the principal surface break, along 226 km of
the Denali fault, with average right-lateral offsets of 4.5-5.1 m and a maximum offset
of 8.8 m near its eastern end. The Denali fault trace is commonly left stepping and
north side up. About 99 km of the fault ruptured through glacier ice, where the trace
orientation was commonly influenced by local ice fabric. Finally, slip transferred
southeastward onto the Totschunda fault and continued for another 66 km where
dextral offsets average 1.6—1.8 m. The transition from the Denali fault to the Tot-
schunda fault occurs over a complex 25-km-long transfer zone of right-slip and
normal fault traces. Three methods of calculating average surface slip all yield a
moment magnitude of M,, 7.8, in very good agreement with the seismologically
determined magnitude of M 7.9. A comparison of strong-motion inversions for mo-
ment release with our slip distribution shows they have a similar pattern. The loca-
tions of the two largest pulses of moment release correlate with the locations of
increasing steps in the average values of observed slip. This suggests that slip-
distribution data can be used to infer moment release along other active fault traces.

®

Surface Rupture and Slip Distribution of the Denali and Totschunda Faults

Online Material: Descriptions and photographs of localities with offset measure-

ments.

Introduction

The M 7.9 Denali fault earthquake of 3 November 2002
was the largest strike-slip earthquake in North America in
almost 150 years and produced effects felt up to 3500 km
from the epicenter (Eberhart-Phillips et al., 2003). It was
also one of a few M 7.8 or larger strike-slip earthquakes in
shallow continental crust worldwide in the past century. The
scarcity of such earthquakes deems them worthy of study,
particularly as analogs for the San Andreas and associated
large strike-slip faults in California. This article describes
the surface rupture and slip distribution of the Denali and
Totschunda faults, the two primary strike-slip faults that rup-
tured in the 2002 Denali fault earthquake (Fig. 1). An ac-
companying article by Crone et al. (2004) discusses the sur-
face rupture of the Susitna Glacier thrust fault, along which
the earthquake sequence started.

The Denali fault earthquake occurred on a system of
active intracontinental faults that accommodate part of the
oblique collision of the Yakutat terrane into the southern
Alaska margin (Fig. 1). The Denali fault is a major right-
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lateral strike-slip fault, with at least 38 km of offset in the
past 38 Ma (St. Amand, 1957; Grantz, 1966; Reed and Lan-
phere, 1973; Brogan et al., 1975). Richter and Matson
(1971) defined the associated Totschunda fault on a regional
scale, identified evidence of Holocene offset, and proposed
that it transfers strain west of the Fairweather fault onto the
Denali fault system. Active thrust faults have been identified
and postulated on both the north and south sides of the
Alaska Range (St. Amand, 1957; Weber and Turner, 1977;
Thoms, 2000; Ridgeway et al., 2002; Bemis and Wallace,
2003). A map of stress orientations across Alaska (Plafker
et al., 1994) shows compression across the Denali fault.
These relationships all indicate transpression across the
right-lateral Denali fault system with associated thrust faults
accommodating shortening.

On 23 October 2002, the M 6.7 Nenana Mountain earth-
quake occurred on the Denali fault, ~22 km west of the
epicenter of the 3 November 2002 mainshock (Fig. 1). This
foreshock had a focal mechanism that showed right-lateral
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Figure 1. Map showing tectonic setting of the
Denali and Totschunda faults. Active faults are shown
with gray lines (Plafker et al., 1994), and the 2002
Denali fault earthquake surface rupture is shown with
thick black lines. Locations of the 23 October and 3
November 2002 epicenters are shown as stars. The
GPS-measured motion of Yakutat relative to Fair-
banks, Alaska, is shown with the solid black arrow
(Fletcher and Freymueller, 1999). The relative motion
between the Pacific plate and North America is shown
with the white arrow (DeMets et al., 1994). TAPS re-
fers to the Trans-Alaska Pipeline System.

strike slip, and aftershocks extended both east and west
along the Denali fault (Eberhart-Phillips et al., 2003). We
flew over the epicentral region the day of the earthquake and
observed abundant rockfall and snow avalanches, but no sur-
face rupture. Modeling of Radarsat interferograms with a
best-fit dislocation model indicates a 21-km-long rupture
patch, with about 0.9 m of right-lateral slip below 4 km deep
and =0.2 m above 4 km (Wright et al., 2003).

The 3 November 2002 M 7.9 earthquake was produced
by west to east rupture along three faults (Fig. 2A; Eberhart-
Phillips et al., 2003). The rupture began with thrust faulting
on a 48-km-long break of the previously unrecognized Sus-
itna Glacier fault. Dip slip on this fault was estimated from
scarp heights to average 4.0 m (Crone et al., 2004). Rupture
then occurred along 226 km of the Denali fault, where right-
lateral slip at the surface averaged 4.5-5.1 m and reached a
maximum of 8.8 m. Finally, the rupture progressed south-
easterly another 66 km along the Totschunda fault, where
right-lateral surface offsets averaged ~1.7 m.

Strong-motion studies show there were three pulses of
moment release during the earthquake. First, there was a M
7.1 pulse from the Susitna Glacier fault; second, there was
a M 7.0 pulse from a small region 90-100 km east of the
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epicenter (near the Trans-Alaska Pipeline System [TAPS]
crossing); third, there was a M 7.6 pulse from the broad
region 160-230 km east of the epicenter (Frankel, 2004).
These conclusions are broadly supported by Global Posi-
tioning System (GPS) geodetic data (Eberhart-Phillips ef al.,
2003; Hreinsdottir er al., 2003a,b). In all, the rupture took
about 100 sec.

Observations of the 2002 Surface Rupture

Timing of Observations

In general, mapping of surface rupture and measure-
ment of offsets are best made immediately after an earth-
quake when fragile and ephemeral structural and geomor-
phic features are fresh. Observations of the Denali and
Totschunda surface rupture were made during two main field
efforts, the first in November 2002 immediately after the
earthquake and the second in July 2003 (Figs. 3, 4, and 5;
Appendix 1, 2; http://quake.wr.usgs.gov/research/seismology/
alaska/). A few additional observations were made in July
2004. In 2002, we observed and measured the surface rup-
ture on 4 and 5 November and then from 7 through 12 No-
vember. Fortunately, little snow fell along the surface trace
during our November postearthquake investigations. In
2003, we collected data from 16-25 July. In 2004, we made
observations from 2 to 8 July. Almost all locations required
helicopter access.

Observing the fault ruptures at different times proved
to be advantageous because some features were best seen
under frozen, November conditions, and others were more
distinct without snow cover. In November 2002 there was
typically 20—80 cm of snow cover and the fault rupture ap-
peared as distinct dark-brown gaps in the white snow pack
(Fig. 3A-C). Some of the snow along the fault trace was
firm névé and some was powder. The névé was brittle, at-
tached to the ground surface, and ground cracks with exten-
sion as small as 1 cm were discernible. We believe thin-
powder snow may have obscured ruptures having slip of less
than about 10 cm. The firm snow cover made the fine-scale
details of the surface rupture obvious and measurement of
some offsets simple. Conversely, it was difficult to deter-
mine whether some features in the snow were due to drifting,
natural snow variations, or fault offset. Measurements made
in November 2002 on offsets of glacier ice could not be
repeated in July 2003, because the melting of glacier ice,
collapse of cracks and crevasses, and the infilling of the fault
trace with winter snow largely obliterated offset features.
However, at some locations below the firn line, glacier sur-
faces observed in July 2003 revealed snow-filled crevasses
offset across the fault (Fig. 4C,D).

In July 2003, permafrost exposed in fault fissures had
largely melted, which resulted in degradation of some fea-
tures observed in November, and those offset measurements
could not be repeated. However, without snow in July, there
were many additional fine-scale features of the fault trace
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Figure 3.
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Photographs of features of the Denali and Totschunda fault rupture, where

“on land” (i.e., not on glaciers). (A) View of the Denali fault rupture at the pass west of
the Delta River (km 89). Steep walls at the bottom of the fissure are permatrost. These
walls had degraded significantly by July 2003. View is toward the west. (B) Overthrust-
ing of frozen river gravels at Cooper Creek at the southeastern end of the Totschunda
fault, at km 297. (C) Left-stepping, en echelon Riedel shears in snow along the Denali
fault indicate right-lateral shear. Aerial view to the east, at about km 78, on the west side
of Augustana Pass. (D) Aerial view of large sag pond in the transfer zone between the
Denali and Totschunda faults at km 235.5. White dashed line shows locations of fault

traces.

that were covered by the November snowpack. Offset thal-
wegs, channel margins, and ephemeral stream-bank edges
were clear in the summer (Fig. 5).

General Features of the Surface Rupture

Surface rupture from the 2002 Denali fault earthquake
extended 341 km (Table 1; Fig. 2). The principal strike-slip
rupture accompanying the 2002 earthquake is a 218-km
break that reoccupied older fault scarps along the Denali

(continued)

fault (Fig. 3D-H). To simplify discussion, locations along
the fault will be referred to by their distance east of the
National Earthquake Information Center (NEIC) determined
epicenter, which was the direction of rupture propagation
(e.g., km 68 is 68 km east of the epicenter; negative values
are west of the epicenter). The western terminus of the con-
tinuous rupture mapped in November 2002 is about 19 km
east of the epicenter and 10 km west of the intersection of
the Denali and Susitna Glacier faults (Fig. 2A). Between km
5 and 17, off-fault ruptures with right-lateral offset were
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Figure 3. (Continued) (E) Aerial view of multiple offset gullies near Augustana Pass
(km 80). Arrows point along fault trace, and the view is to the north. (F) The Denali
fault trace on the west side of Gillett Pass dips about 76° to the west, at about km 178.
(G) Aerial view of the narrow Denali fault rupture in the Slate Creek area, at about km
143. Arrows point along fault trace. (H) Aerial view of long-term offset of about 170 m
(measurement from A. Matmon, unpublished) of linear moraine edge (black arrows)
along the Denali fault (white arrows), at km 153. (I) Aerial view to the west of ground
cracks along part of the Denali fault scarp 18 km west of the 2002 epicenter. The cracks
are about 50 m long and lie along the pre-existing scarp. The block at the bottom right
side (the north side) slid downhill as indicated by extensional cracks. (J) View of dis-
continuous ground cracks from the ground. These two cracks, at km —4.6, lie along the
Denali fault scarp, are approximately 7 m long, and had about 4 cm displacement in the
downslope direction.
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Figure 4.  Photographs of features along the Denali and Totschunda fault rupture,
where “on glaciers” (i.e., propagated through glacier ice). (A) Aerial view westward
of the Denali fault trace along the northern margin of the Canwell Glacier, at about km
100, 3 November 2002. (B) Aerial view in November 2002 of complex fault rupture
in the Gakona Glacier at about km 133. Note numerous Riedel shears that are nearly
perpendicular to snow-filled crevasses. It was not possible to find features to measure
across fault traces like this in November 2002. (C) Aerial view of offset crevasses in
the Chistochina Glacier at km 147.7 in July 2003. Arrows point along fault trace, which
is linear and narrow across this glacier. Close-up of prominent offset crevasse in the
photo’s center is shown in D. (D) Offset crevasse (4.6 = 0.1 m lateral, 0.3 = 0.05 m
vertical displacement) in the Chistochina Glacier, km 147.7, July 2003. Arrows point
along fault trace. (continued)

observed from the air. West of the epicenter there are dis- were observed along a 33.7-km-long section of the Denali
continuous ground cracks that lack lateral offset (with two  fault trace from km — 1 to km —35 (Fig. 2B; Appendix 2).
exceptions that had less than 5 cm offset at km —1.25 and  These fractures, which were observed in July 2003 and July
km —34.95), generally occur in wet areas, and are some- 2004, lie mainly between the epicenters of the October and
times associated with sand blows (Fig. 3LJ). These fractures =~ November 2002 earthquakes (Fig. 2B). Because it is uncer-
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(Continued) (E) Aerial view to the east in November 2002 of fault trace

(between arrows) crossing a narrow glacier with ogives (ice waves perpendicular to flow
direction), at about km 140. Note that the fault trace includes strands parallel to the ogive
bands and others nearly perpendicular to the bands that connected the two. This dem-
onstrates the influence of the ice fabric on the surface trace. (F) Aerial view in November
2002 of ice and snow that was apparently exhaled from the adjacent crevasse during the
earthquake. Location is near the intersection of the Susitna Glacier and Denali fault at
about km 29. Width of debris on glacier is approximately 15 m.

tain during which of these events they formed, or whether
they represent shaking or incipient surface faulting, they are
not included in the overall length of the 2002 surface rupture.

The Denali surface rupture was typically a single break,
without splays or parallel traces. Previously, we reported a
6-km-long west-northwest-striking rupture south of the Den-
ali fault near km 160 (Eberhart-Phillips et al., 2003). This
strand was re-evaluated in the field and on aerial photo-
graphs. We found no direct connection to the Denali fault,
and the length is 2.1 km (Fig. 2A). The rupture exhibits
downslope extension and lies at the base of the southern side
of a high ridge that has numerous sackungen. It may be
shaking related, but because of its occurrence on the flats
south of the ridge, we cannot preclude a tectonic origin.

The Denali fault did not break east of its intersection
with the Totschunda fault (Figs. 2A, 6D). There is, however,
geomorphic expression of Holocene faulting farther south-
east along the Denali fault (Richter and Matson, 1971;
Clague, 1979). At the eastern limit of the 2002 rupture on
the Denali fault surface faulting stepped 17° southeastward
onto the Totschunda fault across a complex, 26-km-long
transfer zone (Figs. 2A, 6D). The transfer zone from the
Denali to the Totschunda faults has a series of right-stepping
fault segments that are connected by north-striking east-side-
up normal faults with displacements as large as 2.7 m, and
a 7.9-km-long splay parallel to the main trace of the Tot-
schunda fault at the southeastern end of the transfer zone.
The Totschunda fault surface ruptures extend a total of 66
km southeastward along the fault. Two strands of the Tot-
schunda fault ruptured: the longer Totschunda Creek strand
(32.6 km) and the shorter Cooper Pass strand (8.5 km). Sur-
face rupture along the two strands is separated by a 4.2-km
right step.

The on-land (not through glacier ice) surface trace of
the Denali fault typically consisted of en echelon left steps
(Fig. 6B). Individual rupture segments extended for a few
tens of meters to hundreds of meters in length, commonly
as a narrow-mole-track one to a few meters wide (Figs. 3
and 5). The zone of rupture broadened and was more struc-
turally complex at the step-overs between the individual seg-
ments. Where we have detailed rupture maps (i.e., Fig. 6),
the distance between segments is typically 5-9 m and up to
21 m. Within these step-over zones, local changes in fault
geometry result in formation of both pressure ridges and
graben. In contrast to the Denali fault, the Totschunda fault
has significantly fewer steps, either left or right (Fig. 6E).

Surface Rupture Through Glaciers

About 99 km of the surface rupture passed through gla-
cier ice, where the rupture pattern was often wide and com-
monly influenced by the ice fabric (Fig. 4A,B,E). The sur-
face rupture was usually expressed as a jagged linear trace,
with numerous small displacement cracks radiating outward
at fairly consistent angles (Fig. 4A,B). Some cracks appeared
parallel to the ice fabric where bare ice or a cross section
of the ice could be seen. This pattern was common on the
Chistochina and parts of the Gakona, Black Rapids, and Sus-
itna Glaciers. The surface trace was locally parallel to medial
moraines on the Susitna, Black Rapids, and Gakona Gla-
ciers. Sections of the surface break were parallel to the ice
fabric in ogives, clearly demonstrating the influence of ice
fabric on the surface trace (Fig. 4E). Right steps in the fault
trace resulted in pull-aparts of various scales (Fig. 4A). An
unusual feature was observed on the Susitna Glacier in
November 2002, near the intersection between the Susitna
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Figure 5.  Photographs of offset features measured along the Denali and Totschunda
fault traces. (A) Mountainside channel at km 138.6 with 7.2 + 0.7/—0.8 m of offset
(small arrows at center). The gravelly swale at the right of the photo was offset 3.7 +
0.6/ —0.5 m (small arrows at right). We interpret the 7.2-m displacement as a result of
two earthquakes. Large arrows point along the fault trace. (B) Offset channel at km
143.52, near Slate Creek. Large arrows point along the fault rupture, small arrows point
to the 4.8 = 0.5 m offset. (C) Offset crevasse along northern margin of Canwell Glacier
at km 102.9. This locality had 3.52 m right-lateral slip and 2.05 m south-side-up vertical
slip, which was the largest measured vertical slip of any “on-glacier” locality. (D)
Southward-looking aerial view of the Tok Cutoff Highway (km 210.6) offset by two
strands of the Denali fault (arrows). Note the fractures perpendicular to the road, ac-
commodating bending. Five meters of offset occurred across the main two fault traces,
and 6.9 m of offset occurred across the entire rupture zone. (continued)

Glacier and Denali faults. At this location, freshly deposited
snow and ice in a ~20-m-wide zone surrounding a crevasse
appears to have been exhaled from the crevasse during the
earthquake (Fig. 4F). Figure 6A shows a detailed surface
trace map of the west end of the Denali fault trace based on
georeferenced aerial photographs. On the Susitna Glacier,
the zone of deformation is up to 941 m wide along the Denali

fault, whereas the adjacent fault trace on land is typically
less than 9 m wide between overlapping en echelon strands.
The Susitna Glacier thrust fault trace was up to 1420 m wide
on the Susitna Glacier (Fig. 6A).

At some locations the rupture zone through glacier ice
is narrow. For example, along the northern margin of the
Canwell Glacier, around km 100 (Fig. 4A), the fault offset
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Figure 5. (Continued) (E) Aerial view of Bone Creek at km 192, taken in November
2002. The northwest side of the stream channel is offset by the Denali fault (black
arrows). The offset (white arrows) was measured at 5.5 + 0.1 m in November 2002 and
6.6 + 0.4/—0.5 m in July 2003. (F) View looking north at an offset terrace riser in a
debris-flow-cut gully at km 143.22. The riser is offset 4.9 + 0.7/—0.45 m across a
2-m-wide zone of rupture (white arrows). Arrows point along fault trace. Note three
people, for scale, between white arrows. (G) Very narrow, 1 m-wide Denali fault mole
track at km 184.27, where fault has offset a creek bank 8.1 m in middle of photo (offset
not visible). Arrows point along the mole track. View is to the west. (H) A dirt road at
km 163.54 offset 3.6 to 4.9 m across a 4- to 5-m-wide Denali fault zone (arrows).
(continued)

crevasses along a zone of deformation less than one meter
wide. At the eastern end of the Black Rapids Glacier, be-
tween km 68 and 74 where the fault is near the southern
margin of the glacier, the rupture zone appeared less than
one meter wide. Similarly, on the Chistochina Glacier at km

147 the rupture was expressed as a narrow (2-m-wide) linear
mole track, up on the north, that offset crevasses and had
the same geomorphic expression as the rupture on land. Visi-
ble evidence of rupture through glacier ice had disappeared
by August 2004.
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Figure 5.
ment of 8.0 = 0.8 m and 1.5 = 0.2 m of vertical offset has caused the gully to be
entirely blocked. (J) Offset channel margin along the Totschunda fault at km 249.9. Black
arrows point to the offset from the 2002 event, which had 2.8 + 0.2/ —0 m right-lateral
offset. The white arrows point to a longer-term displacement of 5.6 m from two or more

events.
Table 1
Denali Fault Earthquake Surface Rupture Length Measurements
Length
Fault or Segment (km)
Susitna Glacier fault
Total 48.4
Arc of main trace with continuous rupture 42.7
Discontinuous trace at west end 5.7
Denali fault
Total 225.6
Continuous rupture 217.6
Distance along westernmost discontinuous cracks 33.7
(not included in total)
Distance along cracks on steep mountainsides along 7.0
West Fork Glacier
Short strand near Gillett Pass (not included in total) 2.1
Totschunda fault
Total (including transfer zone) 66.5
In transfer zone 21.2
Southern splay at southeast end of transfer zone 7.9
(not included in total)
Totschunda Creek strand southeast of transfer zone 32.6
Link between Totschunda Creek and Cooper Pass 4.2
strands
Cooper Pass strand of Totschunda fault 8.5
Total rupture length 340.5

Fault Intersections

The 2002 rupture occurred on three connected faults,
which required the rupture to span intersections between the
Denali and Susitna Glacier faults and between the Denali
and Totschunda faults (Figs. 2, 6A, 6D). At the surface, the
projection of the the Susitna Glacier thrust fault intersects

(Continued) (1) Offset gully (arrows) at km 186.19. A right-lateral displace-

the Denali fault at an angle of about 48°. Surface traces as-
sociated with each fault tend to parallel medial moraines.
These ruptures do not actually intersect, but they lie within
about 400 m of one another. The two faults likely intersect
at depth.

The Denali-Totschunda fault intersection has a 17°
change in the large-scale strike between the two fault sys-
tems; the Denali fault strikes 120° and the Totschunda fault
strikes 137°. This right bend between the Denali fault and
the Totschunda fault is a zone of transtension that we refer
to as the transfer zone. For much of the 26-km-long transfer
zone, the Totschunda fault strikes more southeasterly at
153°. Between km 226 and 250, the 2002 rupture is a com-
plex zone of strike-slip and normal faults (Figs. 2, 6D).
There are no significant lateral jumps or gaps in surface
faulting between the Denali and Totschunda fault systems
(Fig. 6D).

Other Features of the Surface Rupture

The 2002 surface rupture on the Denali and Totschunda
faults reoccupied pre-existing fault scarps (Fig. 3E,F,G,H).
It occurred in the same location as many previous surface
ruptures, as shown by large-scale right-lateral offsets of mo-
raines and drainages on the Denali fault of up to about 180
m (Fig. 3H). At one location (km 23), there was a series of
en echelon step-overs where the slip could be seen to be at
a maximum in the middle of each ~20- to 50-m-long fault
section and then decreases toward the ends of each segment.
Here gullies were offset double the amount of the 2002 rup-
ture, indicating the 2002 offset repeated the amount of slip
in the prior event (Schwartz et al., 2003). The 2002 rupture
also reoccupied well-developed scarps and sag ponds in the
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Figure 6. Detailed maps of the 2002 fault rupture at selected localities. Kilometer
values refer to distance east of the epicenter as shown on Figure 2. (A) Overview of
surface rupture at the west end of continuous rupture on the Denali fault and at the
junction of the Susitna Glacier fault and the Denali fault. The junction between the two
faults lies within or beneath glacier ice and traces from one fault do not cut across the
other. (B) Detail of typical 2002 Denali fault trace on land. Location of map shown in
A. Note linear trace with common left steps. (C) Detail of 2002 Denali fault trace
through glacier ice along Susitna Glacier. Location shown in A. (D) 2002 fault trace
in the transfer zone between Denali and Totschunda faults. (E) Detailed map of 2002
Totschunda fault surface rupture.
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transfer zone (e.g., at km 235.5) between the Denali and
Totschunda faults (Fig. 3D). The presence of these scarps
and sag ponds indicates the transfer zone has failed in a
similar way during previous earthquakes.

Snow avalanches were common along the fault trace
and, in all locations except one, covered the fault scarp (Fig.
7A). They were presumably triggered by ground shaking
generated as the rupture passed individual avalanche chutes.
Avalanche debris was offset by the fault at only one location,
which was at km 25.3. The debris in the chute appeared as
fresh as an adjacent one that covered the fault. The offset
avalanche debris (Figs. 6A, 7B, 7C) may have been triggered
either by a magnitude 4.4 foreshock that occurred 3.5 hr
before the mainshock or by shaking from the earliest stages
of rupture on the main Denali fault.

The Denali fault was observed to be subvertical at most
locations. For example, the fault trace between the Susitna
Glacier and West Fork Glacier (between km 19 and 27) is
dipping steeply to the north at roughly 80°, based on photo-
grammetric mapping of the fault trace. In contrast, on the
west side of Gillett Pass at a ~50-m left step of the fault
trace around km 175, we observed the fault dipping about
76° to the southwest. As a result, the slip was oblique with
both normal and right-lateral components (Fig. 3F).

Slickensides were found at only two locations along the
fault trace. On the Canwell Glacier at km 108.3, slickenlines
were present on a ~1.25-m? face associated with an exten-
sional step-over, about 5 m below the glacier surface (Fig.
8A). There was an estimated 1- to 2-cm-thick opaque white
layer on the surface that had subhorizontal slickensides. A
second site along the Totschunda fault at km 239.0 had slick-
ensides in permafrost that first dipped 70° to the southeast
and then abruptly became horizontal (Fig. 8B). Guatteri and
Spudich (1998) have shown that fault slip at low stress can
result in curved slickensides.

Slip Distribution Along the 2002 Surface Rupture

Offset Measurements and Uncertainties

Here we report our best effort to measure the net hori-
zontal and vertical slip, and their uncertainties, across the
primary surface rupture. Slip was measured at a total of 127
locations (Figs. 9, 10, Appendix 1). [® Additional photo-
graphs and descriptions of most of the measured localities
are available online at the SSA Web site.] Seventy-eight
points were measured in November 2003, 49 points in July
2003, and 6 points in July 2004. Twenty-four points were
removed from the set of 127 points (open circles, Fig. 9).
The culling of these points from the slip distribution oc-
curred where observers noted significant ground cracking
away from the measured offset (thereby indicating a clear
underestimate of total slip), or they considered nearby (<<0.5
km away) measurements as more straightforward (structur-
ally simple sites containing the complete rupture zone), or
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they could not replicate the prior offset value with repeat
measurements under better summer field conditions.

Numerous types of features provided piercing points to
measure vertical and lateral offsets. These included stream
channels, channel banks, channel levees, channel thalwegs,
terrace risers, debris-flow margins, vegetation lines parallel-
ing stream banks, roads, tree roots, game trails, split cobbles,
and avalanche chute margins (Fig. 5). On glaciers offset cre-
vasses were measured, as well as matched faces on opposite
sides of rhombohedral pull-aparts (Fig. 8A). These pull-
aparts produced deep (perhaps >30 m) rhomboid chasms
with parallel facing walls. However, we were unable to mea-
sure offsets on long stretches of the fault trace through gla-
cier ice because of the complex nature of the trace and the
web of small offset fractures radiating from the primary fault
trace (e.g., Fig. 4B). For this reason, there are, and will re-
main, large gaps in the locations of measurements on the
glaciers.

In measuring offsets, preference was given to sites that
had relatively simple surface ruptures (one or a few traces
in a zone 1- to 5-m across) and piercing points that could be
confidently correlated across the fault (Fig. 4C,D). Even so,
there is uncertainty in the measurements that primarily re-
flects uncertainty in the geometry of a feature prior to its
offset. Few features are straight as they cross the fault trace.
For example, does the curvature of a stream channel margin
at the fault represent tectonic warping, or is it the initial
channel shape? We inferred the curvature was related to
faulting if ground cracking was coincident with the curve in
the stream. Also, the original near-fault geometry of some
features was obscured by deformation within the fault zone.
To account for this the orientation of a piercing feature was
projected to the fault from both sides of the offset, typically
from a distance of 10 to 20 m. Each slip value is the mea-
surement of the preferred geometric reconstruction of pierc-
ing point geometry and is not a statistical mean of multiple
measurements (Fig. 9). For all the summer measurements,
the positive and negative error values are the measurements
at the maximum and minimum alternative projections. This
was also done for some of the November measurements; for
others a symmetrical error was estimated. Overall the error
estimates are quite small. For the horizontal offset measure-
ments shown on Figure 9, 59 (60%) have uncertainties that
are less than 10% of the measured values, 25 (25%) have
uncertainties that are 10-20% of the measured offset, 4 (4%)
have uncertainties of 20-30%, 9 (9%) have uncertainties of
30-40%, and 2 (2%) have measurement uncertainties of 40—
50%.

Characteristics of the Slip Distribution

The measurements of right-lateral offset along the entire
Denali-Totschunda rupture are shown on Figure 9 and listed
in Appendix 1. Because of the compressed aspect ratio of
the slip-distribution plot (Fig. 9), the measurement uncer-
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bris covers the 2002 trace of the Denali fault (between
arrows). Photograph view is to the north at about km 190.
The fault trace, where, the fault scarp was covered by
avalanche debris, is shown along the right side of the
photograph between the arrows. Fault trace on left side
of photo is shown along dashed line. Also note the nu-
merous small slab avalanches exposing bare ground be-
neath the snow on the steeper slopes. These snow ava-
lanches were very common adjacent to the surface trace.
(B) Overview of only locality along any surface trace
where snow avalanche debris is offset by the 2002 trace
of the Denali fault. View is to the north at km 25.3. 2002
fault trace shown with white dashed line. Snow ava-
lanche debris, between arrows, on right is offset by fault
trace; snow avalanche debris on left, where there is a gap
in the dashed line, is not. Headscarps of slab snow ava-
lanches above chute is shown with the hatched line. Note
the avalanche offset by the fault trace and the avalanche
that covers the fault trace appear to be the same age.
Photograph was taken when there was a very strong
shadow, so this photograph was split in half and opti-
mized for brightness and contrast in, or out of, the
shadow. (C) View on ground of location shown in B.
View is westward along fault trace, which is shown with
white and black dashed line. Avalanche debris is offset
in front of the person (2-m tall), but covered between the
arrows.

. LR Figure 7. Relationships between snow avalanches and
i . P~ 5 2002 fault traces. (A) Typical snow avalanche whose de-
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Figure 8.  Photographs of slickensides at two lo-
cations along the surface trace. (A) View in a pull-
apart in glacier ice on the Canwell Glacier at km 108.3
that shows a ~1.25 X 1.25-m square face on the ice
in which horizontal grooves can be seen. This is also
an excellent example of a rhombohedral pull-apart in
glacier ice, where matching faces at the upper left and
lower right show the offset to be 3.8 m. (B) This lo-
cality at km 239.0 is along the Totschunda fault and
shows slickensides with a rake of 70° to the southeast,
which turn abruptly to subhorizontal slickensides.
Gloved fingers for scale.

tainties appear large relative to the preferred values. The
vertical component of slip is shown on Figure 10.

The distribution of horizontal slip on the Denali and
Totschunda faults is asymmetric (Fig. 9). Slip values rise
from about 2 m near the west end to nearly 9 m just west of
the intersection between the two faults. Slip on the Tot-
schunda fault is no more than 3 m. Inspection of Figure 9
shows four distinct sections of the rupture within which slip
values are relatively similar. These are (1) a low-slip (0-2
m) section from the epicenter to km 42, (2) a long section
from km 42 to km 174 where slip is typically between 4 and
6 m, (3) a high-slip (6-8 m) section between km 174 and
km 234 that contains the largest measured offset of 8.8 m,
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and (4) the Totschunda rupture between km 234 and km 302.
Within each of these sections the offset measurements sug-
gest there are additional shorter and distinct slip sections,
which we discuss in a following section. In addition, field
work in July 2003 and 2004 noted discontinuous fractures
with little or no offset that extended 56 km from the epicen-
ter westward along the unruptured (in 2002) western Denali
fault.

km — 56 to the Epicenter: Fractures West of the Epicenter.
Mapping of fault ruptures in the epicentral region was com-
plicated by deep snow cover in November 2002, small and
intermittent displacements, the position of some scarps on
very steep slopes, and a probable right step in the fault trace
around km 17. A field party landed at two locations on this
part of the fault in November, at 5.0 and 5.8 km west of the
epicenter. They noted numerous displaced blocks of snow
and fractures in the snowpack. However, there was no con-
sistent orientation to the fractures, and it was concluded there
was no surface offset.

In July 2003 and 2004, discontinuous fractures up to 20
m long were found superimposed on pre-existing Denali
fault scarps in the region of both the 23 October and 2 No-
vember epicenters (Figs. 2B, 3LJ). Their locations are tab-
ulated in Appendix 2. These fractures were first observed in
July 2003 1.2 and 2.4 km west of the 3 November 2002
epicenter. They consisted of intermittent cracks, 5-10 m
long, that had 1 to 3 cm of right-lateral offset (km —1.25)
and less than 10 cm of south-side-down vertical displace-
ment (km —2.36, Appendix 2). They occur along or adja-
cent to scarps produced by prior offsets. In all cases, the
fractures are linear and occur in a variety of surficial deposits
on gentle terrain with no evidence of mass movements.

During July 2004, additional fractures were observed
and traced intermittently as far as 56 km west of the 3 No-
vember 2002 epicenter. Their length locally reached about
50 m (Fig. 31). In general, these were found in wet areas,
with sand blows at several locations, and in almost every
case one side of the fracture moved 2—7 cm in the downslope
direction. However, a few of these fractures occurred where
there was little local topography (km — 1.25). At km — 35,
the Denali fault trace and the fractures ran down a dry, gen-
tle, broad west-facing slope and had 2-5 cm of right-lateral
offset. There was no indication the fractures were related to
mass wasting. It is unclear to what degree these fractures
record incipient tectonic surface offset or a response to
strong ground motion.

It is not certain which earthquake caused the fractures
west of the November epicenter. The discontinuous fractures
lie in the region near the 23 October foreshock and the
3 November mainshock epicenters (Fig. 2B). Aftershocks
from the 23 October Nenana Mountain earthquake lie as far
east as the 3 November epicenter, and extend about 70 km
westward. On October 23, no cracks were observed on an
overflight of the Denali fault in the epicentral region of the
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Figure 10. 2002 vertical slip distribution along the Denali and Totschunda faults.

Note: one measurement is not shown because it is off scale. It is at km 239.15 with

2.7 m vertical slip.

Nenana Mountain earthquake. However, observation con-
ditions were less than ideal, and snow cover may have ob-
scured small-displacement discontinuous cracks. Thus, we
are unable to ascribe their origin to a particular earthquake.

Epicenter to km 42: The Western End of Continuous
Rupture.  Fresh scarps of probable tectonic origin occur
intermittently from 5 to 12 km east of the epicenter across
three bedrock ridges along the north side of the West Fork
glacier (Fig. 2), and we informally refer to these as the West
Fork ruptures. These scarps were first seen during July 2003.
They could not be reached on the ground because of ex-
tremely steep terrain, but they were observed at relatively
close range by helicopter. At that time, there was no ob-
served fracturing on the West Fork Glacier between the
ridges nor between the westernmost ridge and the epicentral
region. These nearly continuous ruptures strike east-north-
east (074°) along steep, south-facing, rubble-covered bed-
rock slopes, and in talus-filled gullies between bedrock
ridges. Right-lateral offsets of gully margins of as much as
1 to 2 m and north-side-up scarp heights of 1 to 2 m were
estimated from the air. Because the amount of offset could
not be directly measured, these estimates are not included
with the slip data table (Appendix 1). After considering these
uncertainties, we use 1 m as an estimate of right slip for this
short section of the rupture.

It is uncertain whether the West Fork ruptures are lo-
cated on the main trace of the Denali fault. They do not
appear to lie on pre-existing scarps and are located up to 4
km north of the mapped trace. At about km 17 the rupture
appears to step southward and right about 4 km to the more
easterly striking (094°) continuous rupture in the Susitna
drainage (Fig. 2). If this is the main trace of the Denali fault,
there is a 4-km right step, the largest of the 2002 rupture.
Alternatively, this could be a splay with the main trace be-
neath the West Fork Glacier.

The westernmost continuous rupture, which was noted
in November 2002, starts at km 18.75. The slip rises sharply

from values near zero meters to 1.2 to 2.0 m between
km 20.5 and km 25.3 where the rupture is observed on land.
The location and rate of increase in slip to the east is uncer-
tain where the surface rupture traversed the Susitna and
Black Rapids Glaciers. The combination of a sometimes
broad and complex rupture pattern across these glaciers
(Figs. 4, 6) and landslide debris that buried the fault trace
along much of the Black Rapids Glacier limited the number
of offset measurements. Only three measurements, with
none larger than 1 m, were made between km 25.3 and
km 50. Hreinsdéttir (personal comm., 2004) used GPS to
remeasure locations of benchmarks along the margins of the
Black Rapids Glacier between km 49 and km 58. She found
that a simple dislocation model demands a minimum of
3.6 m of right-lateral offset and, if there is some fault dip,
right slip was as high as 4.1 m. It is uncertain where the
eastward slip increase occurs. We chose km 42, because it
is the midpoint between our measurement at km 36 and
Hreinsdottir’s measurements beginning at km 49, but it
could occur further west.

km 42 to km 174: The 5-Meter Section. ~From km 42 to
174 the majority of offsets are 4 to 6 m, though in detail
shorter sections of the rupture appear to have distinctly dif-
ferent amounts of slip (Fig. 9). The 1.2-m and 2.3-m offsets
we measured in glacier ice at km 59.0 and km 62.5, respec-
tively, appear to significantly underestimate the total slip, as
indicated by the GPS measurements of Hreinsdéttir (personal
comm.), and they were culled. Offsets at the eastern end of
the Black Rapids Glacier are about 4 m. Similar values are
measured on land along nearby Augustana Creek and east-
ward to the Delta River (km 78-92). In all, eleven measure-
ments between km 68.5 and km 88.5 range between 3.2 and
5.0 m with the majority between 3.6 and 4.8 m.

From near the Delta River (km 91.9) eastward across
the Trans-Alaska Pipeline (TAPS, km 93.2) to at least near
the toe of the Canwell Glacier (km 96.6) offsets of 5.7 to
5.8 m were measured (Fig. 9). Two TAPS high-resolution
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GPS and photogrammetric surveys show 5.8 m of right slip
across a 1000-m-wide zone at the pipeline. Of this total, 5.3
m of slip occurred within 100 m of the surface rupture and
1.3 m of offset at the main rupture trace (M. Metz, oral
comm., Alyeska Pipeline Service Co., 2004). At km 96.3, a
well-constrained slip value of essentially the same amount,
5.7 m, was measured on an offset channel margin across a
narrow (2-m-wide) mole track. Between here and the west
end of Canwell Glacier several well-developed small gullies
in glacial outwash are offset 4.2-5.4 m. These are somewhat
smaller than the highs immediately to the west and could
reflect minimum values because the rupture here is stepping
to the north.

Offsets between the toe of Canwell Glacier (km 97) and
the eastern Slana River valley (km 173) are typically about
5 m (Fig. 9). Along much of this section the rupture occurs
in glacier ice, including a 39-km length on the Canwell-
Gakona Glaciers and 5 km on the Chistochina Glacier. On
the Canwell and Gakona Glaciers nine slip values were made
on offset crevasses and matching faces across extensional
rhombohedra. A series of low values (2.85-3.55 m) were
measured between km 101.5 and km 125.32. Although we
do not consider the offset measurements in glacier ice to be
as robust as those on land, five of these glacier measurements
are between 4.5 and 6.0 m and are similar to values from
adjacent on land sections. Because of this similarity we con-
clude that the larger offsets are representative of the slip in
this area.

A series of excellent measurements, primarily on offset
small gullies of intermittent streams and the margins of
broader channels, were made in the Slate Creek and Slana
River areas where the rupture is a commonly confined to a
2- to 4-m-wide mole track (Fig. 3G). This section ends be-
fore km 175.7 where the offset is 7.3 m. The distance over
which this increase in slip occurs may be as little as 0.4 km,
because a measurement of 5.4 m was made at km 173.8 and
a higher measurement of 6.5 m was made at km 174.2. The
rise to the higher slip values of the next section to the east
is abrupt.

km 174 to km 226: The High Slip Section.  The largest 2002
offsets occur along a 54 km-long section of the rupture be-
tween Gillett Pass and the Little Tok River (km 174 to km
228). Individual measurements range from 4.9 to 8.8 m with
the majority larger than 6 m. Where these large offsets occur
across south-flowing drainages the resulting upslope-facing
scarps often completely block the active channels. Locally,
the fault trace is very narrow and some of the 8-m offsets
occur across a rupture zone only 1 m wide (Fig. 5E,G).
Along this part of the fault we recognize two distinct slip
sections. The first is an 11-km-long section with slip values
larger than 7.0 m. It contains the maximum offset measured
on the 2002 rupture, which is 8.8 m at km 189.4. The second
has smaller offsets of 5-7 m and extends east of the maxi-
mum slip values to about km 226.

km 226 to km 250: The Transfer Zone. At km 234 the
surface rupture turns southeast onto the Totschunda fault and
the amount of offset drops dramatically. The rupture passes
through the complex transfer zone (Fig. 6D) and onto the
simpler single-strand section of the Totschunda fault at km
250. The transfer zone includes the easternmost 8 km of
rupture along the Denali fault. The western limit of the zone
is marked by rupture along a subparallel 1-km-long strand
located about 0.5 km south of the main Denali fault trace at
km 226 (Fig. 6D).

The transfer zone has northwest-striking strike-slip fault
segments and northerly-striking normal fault segments that
intersect at high angles (Figs. 2, 6D). A 4.9-m offset at km
227.2 is the easternmost large slip value measured along the
Denali fault. Only 1.8 km to the east (km 229.0) the hori-
zontal offset decreases to 2.4 m and then drops to about 1 m
across the extent of the zone. At the easternmost rupture
along the Denali fault (km 229.0) deformation spans a zone
more than 45 m wide. This broad deformation indicates that,
at least locally, we may not have measured the total hori-
zontal slip in parts of the transfer zone.

Three vertical slip values of about 2.0-2.7 m were mea-
sured on the normal fault segments. The large vertical slip
components are consistent with the right (transtensional)
bend between the Denali and Totschunda faults. The inter-
sections between normal and strike-slip fault segments are
locally very distinct, occur over lateral distances of as short
as 10 m, and have changes in strike between 25° and 85°.

Toward the southeast end of the transfer zone rupture
occurred on two splays. The northeastern splay is the pri-
mary fault strand and has offsets of 1.0-1.7 m. The south-
western splay is 7.9 km long and slip at its northwestern end
was measured at a few tens of centimeters. We consider the
eastern limit of the transfer zone to be the point where the
splays join at about km 250.

km 250 to 302: Continuous Totschunda Fault Rupture.
Two segments of the Totschunda fault ruptured during the
2002 earthquake. The northeastern Totschunda Creek seg-
ment is ~49 km long, and the slip distribution appears to
have a symmetrical shape (Fig. 9). Offset values lie between
1.6 and 3.1 m. Our November 2002 measurements indicated
a maximum offset of about 2.0 m (Eberhart-Phillips ef al.,
2003) but additional measurements in July 2003 show as
much as 3.1 m (km 271). About 14.5 km of surface rupture
occurred along the Cooper Pass segment (Fig. 2A) at the
southeastern end of the 2002 surface rupture. The two offset
measurements along this part the rupture are 0.6 and 1.0 m
and are distinctly lower than the Totschunda Creek segment.
There is a 4.2-km-long region at about km 289 with no sur-
face rupture between the fault segments (Fig. 2).

Vertical Displacements. Measurements of vertical dis-
placement range from 0 to 2.7 m and average 0.7 m (Fig.
10, Appendix 1). Along the Denali fault, vertical slip was
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dominantly north-side-up (Fig. 10). This sense of slip is con-
sistent at most on-land locations, particularly between the
Black Rapids and Canwell Glaciers and for 90 km between
the eastern edge of the Gakona Glacier and the Denali-
Totschunda transfer zone. The only exceptions are at the
westernmost end of the continuous surface rupture (km 20.5
to km 25.3) and east of Mentasta (km 202 to 205) where the
rupture was south side up (0.1 m and 0.7 m, respectively).
The sense of vertical slip on the glaciers is more variable
and both north- and south-side-up displacements were ob-
served. The Totschunda fault rupture has both northeast- and
southwest-side-up scarps. Of the 11 locations measured here,
four have no vertical component and the remainder have no
preferred sense of vertical displacement.

Vertical slip generally increases with horizontal offset
(Fig. 11), but there is large scatter in the data. A trendline
through all Denali fault (nontransfer zone) data points shows
that vertical slip is positively correlated at 17.7% of the hor-
izontal. Eliminating glacier ice values, which may have been
influenced by the ice fabric, does not significantly change
the result (vertical = 17.3% of the horizontal). Along the
Denali fault the largest vertical slip values are consistently
43% of horizontal slip values. The only exceptions are three
data points from the transfer zone, where vertical slip is
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greater than horizontal, and one data point in glacier ice (km
102.9), where vertical offset was large. There was at least
some vertical displacement for all points where the horizon-
tal slip exceeded 4.5 m.

Discussion of Slip Distribution

The field observations of surface rupture and the distri-
bution of horizontal and vertical surface slip are baseline
data for understanding the Denali fault earthquake, the
longer term behavior of the Denali fault, and long ruptures
on strike-slip faults in general. In the following sections we
discuss this data set and compare our observations with ge-
odetic and seismologic models of slip and moment release
for the event.

Has All the Slip Been Measured?

The use and interpretation of surface offset measure-
ments for the Denali fault earthquake depend on the degree
to which these capture the total coseismic displacement at
the surface. In measuring offset across strike-slip ruptures,
the question arises as to how much slip occurs in the near
field of the main rupture zone and how much slip is distrib-
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Figure 11.

Plot of vertical versus horizontal slip along the Denali and Totschunda

faults, and trendlines fit through the data. R> value of preferred trendline for Denali
fault off-glacier and non-transfer-zone data is 0.28. Data from Appendix 1.
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uted tens to hundreds of meters away from the fault. Offset
measurements on man-made features, where the geometry is
known, are ideal for observing the way in which slip is dis-
tributed across a fault zone. Observations of historical strike-
slip ruptures show there can be a range of deformational
effects on cultural features, such as roads, fences, and tree
lines (e.g., Lawson, 1908; Rockwell et al., 2002). These in-
clude (1) complete slip across a narrow surface rupture;
(2) a high percentage of slip across the brittle rupture ac-
companied by a small amount of slip in an adjacent 5- to
10-m-wide zone of warping; (3) slip distributed across broad
zones of en echelon or parallel ruptures, particularly at bends
or steps in the fault trace; and (4) broadly distributed slip in
areas of saturated deposits.

Along the Denali fault rupture only three fault crossings
with man-made features provide long baselines. These are
the Trans-Alaska Pipeline, the adjacent Richardson High-
way, and the Tok Cutoff Highway (Fig. 2A). A high-
resolution survey along the TAPS (M. Metz, Alyeska Pipe-
line Service Co., written comm., 2004) measured a total of
5.8 m right-lateral slip and 1.3 m of north-side-up displace-
ment distributed across 1000 m. Within this zone, 4.9 m
(84%) of the offset occurred in a 100-m-wide zone strad-
dling the surface trace. The two closest survey points on
either side of the fault trace are about 25 m apart and mea-
sured 3.3 m (57%) of right-lateral offset. Offset at the fault
trace itself was 1.3 m. On the adjacent Richardson Highway,
measurements made 7 days after the earthquake showed lat-
eral slip of 3.9 m across a 75-m-wide zone; 3.4 m of this
occurred across the primary fault trace. A nearby borehole
encountered ~240 m of unconsolidated Quaternary sedi-
ments (M. Metz, personal comm., 2004). At the Tok Cutoff
Highway, there was 5.0 m of offset distributed across a 20-
m-wide zone containing two fault strands and adjacent zones
of warping (Fig. 5D). There was an additional 1.9 m of offset
in a zone 500 m north of the fault.

The geologic settings of the TAPS and the adjacent
Richardson Highway are atypical of the surficial conditions
along much of the 2002 Denali fault rupture. The TAPS and
Richardson Highway are on a thick sequence of young sat-
urated fluvial deposits of the Delta River. The pre-2002 fault
scarp could not be identified or directly traced across the
pipeline route during preconstruction studies (Woodward-
Lundgren Associates, 1974) and was projected across the
proposed route from known locations. In contrast, the pre-
existing scarps along most of the Denali fault are obvious
and easily mapped. This suggests that either a structural
complication or, more likely, that near-surface geologic con-
ditions caused broadly distributed deformation. Where the
Denali fault cuts the Tok Cutoff Highway, Quaternary
valley-fill sediments are water saturated, as indicated by nu-
merous bogs and small ponds. It appears that thick, water-
saturated sediments produced distributed deformation.

Most of our measurements were made where the fault
is a single trace (or closely spaced traces), the width of the
rupture zone is narrow, there is clear geomorphic expression

of previous rupture, and there is an absence of thick, water-
saturated fill. Any single location, if measured in isolation,
does not provide the perspective for evaluating whether sur-
face slip has been underestimated or overestimated. How-
ever, we have multiple measurements along sections of the
surface rupture that are tens of kilometers long and charac-
terized by similar slip values. For example, along the 79-
km-long section between km 96 and km 173 where offsets
are commonly around 5 m, twenty-three offsets (and their
uncertainties) center near 5 m, five are below 4 m (four of
these are glacier measurements, see below), and one is at or
above 6 m. Similar observations can be made along other
sections of the rupture. From this we infer that our mea-
surements capture essentially all the coseismic surface slip.

The Slip Distribution: Variability and Average Slip

The measurements of surface slip along the Denali and
Totschunda faults show variation at two scales. The first is
point-to-point, or high-frequency, variability. Plots of sur-
face slip from historical ruptures on all fault types commonly
show spikes in values of closely spaced measurements
(Crone and Machette, 1984; McGill and Rubin, 1999; Rock-
well et al., 2002; Treiman et al., 2002). The Denali fault
data set is no exception, containing some measurements that
fall well below, or in some cases well above, the values at
adjacent points even though the uncertainty in an individual
measurement is small. Changes in slip values as large as 1.5
m (although still within the uncertainty range of neighboring
points ) occur in short distances, such as near the west end
of the Canwell Glacier (km 96.63 to km 97.0), Slate Creek
(km 142.14 to km 143.75), and east of Chistochina Glacier
(km 157.1 to km 157.72) (Fig. 9). Apart from localized
structural complications, it is not clear why this high-
frequency variability occurs. It could reflect a combination
of measurement error, incomplete expression of slip at the
surface, or actual short-distance variability in the coseismic
surface slip.

Broad wavelength variation in slip also occurs. As noted
and described previously, there are four distinct slip sections
on the strike-slip faults between the epicenter and the east
end of the rupture. These have typical offsets of 0 to 2 m
(epicenter to km 42), 4 to 6 m (km 42 to km 174), 6 m to
almost 9 m (km 174 to km 228), and 1 to 3 m (km 228 to
km 302). The measurements also suggest that these can be
subdivided into additional slip sections and slip steps. The
broad wavelength slip variation, in contrast to point-to-point
variability, provides important insights into the 2002 rupture
process.

Average Slip from Surface Measurements

The average slip and the location and rate of change of
slip along strike provide a basis to calculate seismic moment
for the 2002 earthquake from surface-rupture parameters.
The slip distribution can also be used for comparison with
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geodetic and seismologic models of slip distribution and
strong-motion estimates of moment release. To calculate av-
erage slip, the surface measurements must be averaged over
some length of the fault trace. For the rupture as a whole,
we recognize a total of 10 slip sections, with internally con-
sistent, but distinctly different, amounts of slip (Fig. 12)

We use three methods to do this: (1) a 5-km running
average using all the data points (and excluding culled
points); (2) an envelope of maximum slip values; and (3) a
graphical approach. For each, we derive the average slip for
the distinct rupture sections described previously (Fig. 12).
For the running average and envelope of maximum slip the
curves are drawn through the preferred (central) slip value
at each measurement point.

A running average of all data points is shown on Figure
12A. We use a 5-km running average of the data points at
each kilometer along the rupture. In doing so, several data
points are usually included in the average (Fig. 12). A 10-
km running average results in too much smoothing of the
slip distribution; a narrower interval would not average mul-
tiple data points based on the present distribution of mea-
surements. Where there are no observations within a 5-km-
length a running average cannot be calculated and the
running average line segments are connected with dashed
lines that may approximate the slip distribution. Slip is then
averaged for each of the distinct fault sections. From west
to east these values are 0.7, 1.3, 3.7, 4.8,4.5,7.2, and 5.7 m
on the Denali fault and 1.5, 2.0, and 0.7 m on the Totschunda
fault. The running average is the least interpretive of the
methods because it weights each data point equally. This
may lower the average slip values along some sections of
the rupture. For example, the running average curve de-
creases sharply in the western part of Canwell Glacier be-
cause it incorporates low glacier values that likely under-
represent the actual slip in this area. The 5-km running
average yields an average slip of 4.4 m on the Denali fault
and 1.6 m on the Totschunda fault, and a combined average
slip of 3.7 m for the strike-slip rupture.

The slip distribution drawn through the maximum hor-
izontal offsets defines an envelope of maximum slip (Fig.
12B). This envelope yields the largest value of average slip
for the 2002 rupture. For each of the ten slip sections, we
averaged the slip along the maximum envelope at 2-km in-
tervals. From west to east these averages are 0.8, 2.2, 4.0,
5.6,5.4,7.7, and 6.2 m on the Denali fault, and 1.8, 2.1, and
0.8 m along the Totschunda fault. The average maximum
horizontal offset is 5.0 m on the Denali fault, and the average
for the Totschunda fault is 1.7 m. The combined average
along the entire surface rupture is 4.2 m. We believe these
values place a realistic cap on the average maximum hori-
zontal slip along the 2002 strike-slip surface rupture.

The slip averaged for sections of the rupture by using a
graphical method is shown on Figure 12C. For each slip
section, we visually fit a horizontal line to include as many
of the representative offset values and their uncertainties as
possible. This method is subjective, but its strength is that
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judgment can be used to favor certain data points, such as
the pipeline surveys. The resulting average slip values are
1.0,1.5,4.1,5.8,5.0, 7.8, and 6.1 m on the Denali fault and
1.2, 2.5, and 0.8 m on the Totschunda fault. The average
horizontal offset for the Denali and Totschunda faults is 4.8
and 1.8 m, respectively. The average for both faults is 4.1 m.

To calculate the net average slip, the vertical component
must be included. As discussed previously, the consistent
up-to-the-north vertical displacements along the Denali fault
are correlated with the horizontal slip at 0.173 (Fig. 11). The
lack of a consistent sense of vertical slip along the Tot-
schunda surface rupture indicates that an additional vertical
component should not be added for this fault.

Including the vertical component of slip yields a net slip
vector that is larger than the average horizontal slip. It would
be ideal to measure net slip vectors in the field, which could
have been readily done if the slip had been confined to a
single rupture surface. However, the presence of ubiquitous
local structural complications and typical fault zone widths
of 1-4 m made it difficult to do this reliably or consistently.
Therefore, we use the general relationship between horizon-
tal and vertical slip along the Denali fault shown on Figure
11. Using the slip calculated for each of the three averaging
methods with an additional 17.3% factor for the vertical
component yields an average net Denali fault slip of 4.5 m
for the 5-km running average, 5.1 m for the maximum slip
envelope, and 4.9 m for the graphical method. These are the
range of values we use to calculate the earthquake’s moment
magnitude from the surface fault parameters.

Slip Steps: Steep or Gradual?

We identify ten sections of the surface rupture, seven
on the Denali fault and three on the Totschunda fault (Fig.
12). These sections range in length from as short as 10 km
to as long as about 90 km. In Table 2, we summarize the
changes in the amount of slip (increases and decreases) that
occurred between six of the better constrained slip sections
of the Denali fault and the maximum distance over which
they occurred. Five of the six slip steps are distinct; the small
decrease interpreted east of km 97 is less certain, largely
because of uncertainties in the amount of slip through the
Canwell Glacier. The step near km 228 is within the Denali-
Totschunda transfer zone, and because deformation may be
more distributed the step may not be as large as indicated
on Figure 12. Nonetheless, there is clearly a large decrease
in slip between the Denali and Totschunda faults. The dif-
ference in the amount of slip across the four sections is cal-
culated by using the 5-km running average, the average max-
imum envelope, and the graphical methods. Regardless of
method used, the results are similar. The largest increase is
in the Slana River Valley west of Gillett Pass (km 173.0-
175.7). A distinct increase of 1.1 to 1.7 m is just west of the
TAPS (km 88.5-93.2). Decreases also occur west of Men-
tasta (km 191.5-195.9) and just west of the Little Tok River
(km 227.2-229.0). The two segments of the Totschunda
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Figure 12.  Estimates of average slip distribution from three methods. For all figures, the sym-
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Table 2
Location and Size of Slip Steps Along the Denali Fault
Distance Maximum Change (*+): Change (*+): Change (*):
East of Distance Running Average Graphical
Epicenter across Step Average Maximum Method
(km) (km) (m) (m) (m)
88.5-93.2 4.7 1.1 1.6 1.7
97.0-101.5 3.1 -03 —-0.2 -0.8
173.0-175.7 2.7 2.7 23 2.8
191.5-195.9 44 —-15 —-1.5 -1.7

fault have distinct slip values, but there are not enough ob-
servations near the transition between the strands to clearly
define the gradient between them.

There is some evidence that changes in slip along the
fault can be abrupt. The distances listed in Table 2 are be-
tween the closest measurements on either side of a step and
they define the maximum distance over which the slip
change has occurred. Because there are gaps between mea-
surements it is not known if the slip changes occur over
hundreds of meters or gradually over the entire distance. The
best evidence for a rapid change in slip is between the 5-m
and the high-slip sections. Kilometer 173.8 is the eastern-
most point along the section where offsets are about 5 m,
and by km 174.2 the measured slip is 6.5 m. At km 175.7
the measured slip is 7.3 m.

Earthquake Moment Magnitude from Surface
Fault Parameters

The moment magnitude, M, can be calculated from
observed fault parameters (Table 3). The seismic moment,
M,, of an earthquake is the product of fault area (rupture
length and width), average slip, and shear modulus (assumed
to be 3 X 10'""). This can be converted to a moment mag-
nitude, M,,, by the relation M,, = 2/3 log M, — 10.7 (Hanks
and Kanamori, 1979). To calculate M|, for the 2002 Denali
fault earthquake, we use the fault lengths listed in Table 1
and summarized in Table 3. The thickness of the seismo-
genic crust, or locking depth, is considered to be 12 km
based on the maximum depth of aftershocks (Ratchkovski
et al., 2003). Aftershock depths are well constrained only
along the Richardson Highway, but it is reasonable to as-
sume a similar depth for the entirety of the rupture. This
gives the width of the vertical strike-slip faults. For average
slip, we use the 5-km running average values, the envelope
of maximum slip values, and the graphical method values
discussed previously with an additional vertical component
for the Denali fault. For the Susitna Glacier fault, we use a
17-km down-dip width, calculated from the thickness of the
seismogenic crust and a fault dip of 40° based on the focal
mechanism. We use a fault length of 40 km, which is the
length of the chord between the end points of the surface
rupture and an average slip of 4.0 m (Crone et al., 2004).
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The length we use is slightly shorter than that used by Crone
et al. (2004), because we consider it unlikely that the average
slip occurred over the entire 48-km length of the fault. None-
theless, the resulting moment and moment magnitude are
essentially the same.

The seismic moment and moment magnitude of the
earthquake can be derived from summing the moments of
each fault. Using the three averaging techniques for average
slip gives M, = 4.84-5.40 X 10*" and M,, = 7.79-7.82.
The fact that one qualitative and two quantitative techniques
for averaging slip-distribution data yield the same moment
magnitude demonstrates the result is robust. The calculated
moment magnitude is insensitive to small changes in rupture
length, width, or average slip. Given that the seismologically
derived moment magnitude is qualitatively accurate to 0.1
(A. D. Frankel, written comm., 2004), our geologically de-
rived M, 7.8 is in very good agreement with the M 7.9
determined from strong-motion seismology.

There are several ways to calculate a slightly larger mo-
ment magnitude than the calculated M, 7.8 by modifying of
fault parameters: (1) increasing the width of the fault zone,
(2) increasing the slip at depth, or (3) increasing the shear
modulus. We only discuss changes in parameters to the Den-
ali fault, because it has about five and ten times more mo-
ment release than the Susitna Glacier and Totschunda faults,
respectively (Table 3). First, the down-dip width of the fault
zone could be more than 12 km, which would imply that
aftershocks did not occur in the deeper parts of the primary
rupture zone. A moment magnitude of 7.9 can be calculated
if the width of the entire Denali fault zone is increased from
12 to 18 km. Second, the slip at depth could be greater than
the slip measured at the surface (Ji et al., 2002). If the Denali
fault average slip is increased from our values of 4.46-5.08
mto 7.4 m, an M, 7.9 is calculated. Third, the shear modulus
is commonly assumed to be 3.0 X 10" for average “crustal”
rocks, but some of the rocks along the Denali fault trace are
mafic, and thus a higher modulus may be appropriate. A
shear modulus of 4.5 X 10'"" would be required to calculate
an M,, 7.9.

It is unlikely that any of the actual fault parameters are
as different as those required to calculate a moment mag-
nitude of 7.9. To increase the width of the seismogenic zone
to 18 km is a 50% increase, which is inconsistent with the
observed seismicity and current geodetic models. To in-
crease the average slip to 7.40 m from our average values
of 4.46 to 5.08 m (including the vertical slip component) is
an increase of 50-64%. For reasons discussed earlier, we do
not think we are missing much slip in our observations. Al-
though slip is commonly inferred to be locally greater at
depth than at the surface along strike-slip ruptures, it seems
improbable that slip would be greater at depth for the entire
length of the rupture. Last, a shear modulus of 4.5 X 10"!
is 50% higher than typical values, which also seems unlikely
based on consideration of crustal seismic velocities (Brocher
et al., 2004).
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Comparison of Geologic Slip Distribution with
Geodetic and Seismologic Slip Models

The preceding sections presented the geologic obser-
vations on the strike-slip surface faulting associated with the
2002 Denali fault earthquake. A variety of seismologic and
geodetic models of the rupture process, slip distribution, and
moment release have been proposed. Here, we compare
these with our direct observations of slip.

Strong-Motion Model

Frankel (2004) inverted the strong-motion data to de-
termine moment release along 3-km-long segments of the
Denali and Totschunda faults (Fig. 13). The inversion yields

moment averaged over the upper 10 km of faulting depth.
The large-scale features of the strong-motion inversion are
seen in the geologic slip distribution. The strong-motion in-
version has low moment release along the fault from 0 to
about 85 km, moderate moment release from 85 to 175 km,
high moment release from 175 to 230 km, and low moment
release from km 230 to the end of the rupture. These
amounts of moment release and their locations along the
faults correlates well with the observed surface slip. Two
major subevents in the strong-motion inversion correlate
with our slip steps (Table 2). A pulse of moment release east
of the TAPS (km 93.2) correlates with a surface slip step in
the same region. The onset of the largest pulse of moment
release coincides with a surface slip step of 2.2-2.8 m be-
tween km 173.0 and 175.7 (Table 2)

Table 3

Parameters for Calculation of M, and M,,

Average Net Slip (cm)

M, X 10* (dyne cm?)

Rupture Length Width 5-km Running Envelope of Graphical 5-km Running Envelope of Graphical
Fault (km) (km) Average Maximum Slip Method Average Maximum Slip Method M,
Denali 226 12 446* 508%* 487* 36.3 41.4 39.6 7.7
Totschunda 66 12 156 171 184 4.0 44 4.8 7.1
Susitna Glacier 40 17 4007 4007 4007 8.2 8.2 8.2 7.3
Total 48.5 54.0 52.6 7.8
*Includes a 17.3% vertical component as discussed in the text.
Susitna Glacier fault slip is that calculated by Crone et al. (2004).
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Figure 13.

Comparison of surface slip distribution (from envelope of maximum

slip) to strong-motion and geodetic models of moment release along the Denali and
Totschunda faults. Thick black line shows the strong-motion inversion of Frankel
(2004). Thin black line shows the GPS geodetic inversion of Hreinsdottir ez al. (2003b);
dashed line shows where the inversion is poorly constrained. Vertical scale for strong-
motion inversion of Frankel (2004) is shown on the right. Symbols are the same as in

Figure 9.
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The general colocation of strong-motion subevents and
changes in the amount of surface slip has important impli-
cations. Systematic geologic investigations can map the dis-
tribution of surface slip for preinstrumental and prehistoric
earthquakes along strike-slip faults. For example, Sieh
(1977) developed a slip distribution for the 1857 Fort Tejon
earthquake that showed broad wavelength variations and slip
steps similar to our Denali-Totschunda slip distribution.
Therefore, it may be possible to use the locations of slip
steps to improve predictions of strong ground motion for
future large earthquakes.

Geodetic Model

Hreinsdottir e al. (2003b) inverted GPS data to model
coseismic slip (Fig. 13). Their model shows the same large-
scale pattern as the geologic observations, with slip increas-
ing from west to east. However, in detail their results do not
correlate well with the surface observations. Hreinsdottir et
al. (2003b) also identified sections of the rupture where geo-
detic model resolution was poor. For the well-resolved areas,
the geodetic model and geologic observations are quite con-
sistent west of km 90. However, between km 185 and the
end of the Denali fault rupture at km 234, modeled geodetic
slip is nearly double the observed maximum surface slip
(Fig. 13). For the poorly resolved sections little or no surface
slip is modeled east of the TAPS for about 40 km, and as
much as 10 to 11 m is shown between about km 135 and
155. The maximum average right-lateral surface offset along
this entire reach of the fault is 5.4 m. The poorly resolved
section between km 155 and km 180 indicates surface slip
as small as 2 m, but at this location the surface slip is in-
creasing toward the largest offsets. The geodetic model does
not constrain slip on the Totschunda fault southeast of the
transfer zone.

Teleseismic Model

Broadband teleseismic records are commonly inverted
to model the source processes of earthquakes. Kikuchi and
Yamanaka (2002) used waveforms to model the 2002 event.
They correctly concluded that the rupture was a sequence of
subevents with the first occurring on a reverse fault that
turned out to be the Susitna Glacier thrust. Their slip distri-
bution shows the amount of offset increasing eastward. The
region of largest slip in their model, at about km 140 to km
180, coincides at its eastern end with the largest surface off-
sets. However, it estimates the maximum slip at 12 m, in
contrast to the 8.8 m we measured, and it underestimates the
rupture length by some 50 km.

Implications

The surface slip distribution from the 2002 Denali fault
earthquake can be used to test and constrain geophysical
models of the rupture. These models should reproduce or
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yield a pattern of slip or moment release very close to the
measured surface offset. One of the most intriguing obser-
vations is the apparent relation between distinct changes in
the amount of surface slip and the occurrence of strong-
motion subevents and large accelerations. An important goal
of paleoseismic studies is the collection of information on
the amount and distribution of slip in past earthquakes.
Paleo-offset data can be used to estimate the magnitude of
paleoevents, and changes in the amount of slip along strike
could provide a basis for improving the modeling of strong
ground motion in future earthquakes.

Conclusions

Great strike-slip earthquakes, produced by faulting that
extends for several hundred kilometers in shallow crust, are
not common. Since 1900 they have typically been in remote
areas such as China (1920, Haiyuan fault), Turkey (1939,
central North Anatolia fault), Mongolia (1905 Bulnay fault;
1957 Bogd, Toromhon, and Gurvan Bulag faults), and Tibet
(2001, Kunlun fault). Even the 1906 San Francisco earth-
quake had more than one hundred kilometers of faulting that
occurred offshore. The postearthquake investigations of
these events, particularly the classic studies of the San An-
dreas (Lawson, 1908) and Gobi-Altay (Florensov and So-
lonenko, 1965) have provided invaluable geomorphic and
structural descriptions of long surface ruptures. However,
the number of surface offset measurements has been rela-
tively limited for even the best studied of these events. The
2002 Denali fault earthquake is similar to its predecessors
in that it, too, occurred in a remote area, but with helicopter
access we were able systematically to measure offset along
the length of the rupture. We have also been able to build
on the observations of past researchers with regard to the
nature and variability of surface offset and the structural
complexities to consider when measuring them. In this re-
gard, we feel that the surface slip distribution presented here
describes the coseismic surface deformation for this earth-
quake, both in amount and change along strike.

The 2002 Denali fault surface rupture shares basic struc-
tural characteristics with other large-slip historical strike-slip
ruptures. On a large scale, the surface rupture is simple, nar-
row, and continuous. It occurred along existing scarps and
other geomorphic indicators of prior faulting. On a small
scale, the fault trace consists of left-stepping right-lateral
rupture segments, each typically tens to many hundreds of
meters long that usually have a north-side-up component of
vertical slip. Locally the fault zone broadens where com-
plexities result from changes in strike or rupture through
thick unconsolidated deposits or glaciers. About one-third of
the strike-slip surface rupture occurred through glacier ice.
The ice fabric commonly influenced the expression of the
fault at the surface and resulted in multiple fault strands par-
allel, and at a high angle to, internal ice fabric. Even with
these complexities, offset glacier features provided mini-
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mum slip values and at some sites perhaps a complete mea-
sure of surface slip.

The 2002 rupture provides insight into fault geometry
at the intersections of large seismogenic faults and into rup-
ture propagation. The Susitna Glacier thrust fault projects
into the Denali fault at a 48° angle. Although the connection
between the two is obscured beneath glacier ice, fractures
from the faults lie within 400 m of one another and therefore
likely intersect in the shallow subsurface. A 26-km-long
transfer zone lies between the Denali and Totschunda faults
along which rupture was discontinuous on both right-slip
and normal faults. This transfer zone directly intersects the
Denali fault at the surface at a 17° angle. Steps and bends in
faults, and structural intersections between faults, have often
been cited as features that might control the initiation or
termination of rupture. They are also used as a basis for
segmenting faults in seismic hazard analyses. Although three
faults were involved in the Denali fault earthquake, our map-
ping indicates there are direct connections between adjacent
ones. In this sense the rupture can be thought of as contin-
uous, though geometrically variable, fault surface. The two
fault intersections did not appear to have played any signifi-
cant role in impeding the rupture, which simply propagated
through them.

The surface slip distribution (Fig. 9) systematically re-
cords changes in the amount and location of slip that oc-
curred during the dynamic, unilateral, west to east rupture
on the Denali and Totschunda faults. We recognize four ma-
jor sections of the slip on the strike-slip faults between the
epicenter and the east end of the rupture on the Totschunda.
These have typical offsets of 0 to 2 m (epicenter to km 42),
4 to 6 m (km 42 to km 174), 6 m to almost 9 m (km 174 to
km 228), and 1 to 3 m (km 228 to km 302). In detail these
can be subdivided into additional slip sections and slip steps.
The change in the amount of slip across each slip step ap-
pears to occur over relatively short distances (2.7-4.7 km).
One of the most interesting comparisons is the positive cor-
relation of pulses of moment release and large accelerations
with steps in the observed slip distribution. The largest
strong-motion subevents occur between the east end of the
Black Rapids Glacier and the TAPS, where surface slip
ramps up from about 4 m to almost 6 m, and west of Gillett
Pass, where slip increases from about 5 m to nearly 9 m.

The slip distribution for the Denali and Totschunda
faults and the estimates of average surface offset derived
from it (along with the value for the Susitna Glacier fault),
allow calculation of a geological moment magnitude of M,,
7.8 for the 2002 Denali fault earthquake. This is in very good
agreement with the seismologically determined value of M
7.9. An important task facing the paleoseismological com-
munity is the measurement of slip in prehistoric earthquakes.
As demonstrated by the Denali fault earthquake rupture, sur-
face slip measurements can provide for accurate calculations
of earthquake magnitude. The paleo-offset data may also be
used to calculate the magnitudes of past events. These
calculations, coupled with information on changes in the

amount of slip along strike in paleoevents, could provide a
basis for advancing the modeling of strong ground motion
in future large earthquakes.
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